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© A spectrophotometer using a charge coupled 
device array (2) as an image receiver in which an 
image of its entrance slit (1) is tilted with respect to 
columns of pixels in the charge coupled device array 
(2) and in which the height of the image of the 
entrance slit (1) on the charge coupled device array 
(2) is arranged to extend over two or more rows of 
pixels so that the image of the entrance slit (1) is 
skewed over pixels in two adjacent columns. Means 
are provided to analyse the output of the pixels to 
provide information on the intensity distribution of 
each spectral line with respect to wavelength having 
a resolution greater than that of the pitch of the 
pixels in each row of the charge coupled device 
array (2). Preferably, the pixels of the charge coup- 
led device array (2) are arranged in perpendicular 
columns and rows and the image of the entrance slit 
(1) is tilted with respect to columns of the charge 
coupled device array (2) so that the rows of pixels 
on the charge coupled device array (2) are generally 
aligned with the dispersion direction of the or each 
spectral order ' 



Fig.lA. 
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There is a move to the use of charge coupled 
device arrays as the image receivers in spec- 
trophotometers. Such charge coupled device ar- 
rays can replace single pholudiudes, linear 
photodiode arrays and photornulliplier lubes. There 
is a potential advantage in using charge coupled 
device arrays because they can capture informa- 
tion on more than one spectral line simultaneously 
which is very useful when performing multi-element 
analysis using techniques such as inductively 
coupled plasma emission spectroscopy for the de- 
tection of metals in solution. Instruments using 
charge coupled device arrays arc potentially very 
much faster for multi-element analysis since the . 
information on all of the elements or species is 
captured simultaneously. As it is possible to cap- 
ture information on more than one spectral line 
simultaneously more reliable comparative results 
can be obtained since all the elements being an- 
alysed and compared are analysed at the same 
time from exactly the same sample. When using a 
single detector as the image receiving- element 
there is inevitably a time lag between the detection 
of the different species which involves a lack of 
certainty over whether the sample and the operat- 
ing conditions are uniform over a period of time. 

It is often desirable to monitor the intensity 
profile of a particular spectral line, especially when 
developing an analysis method, to examine the 
spectral line, for line overlaps and hence interfer- 
ences on the analytical measurements between a 
line distinctive of one element and interfering line 
from another element. 

In the past when using a photomultiplier tube, 
for example, it is common to provide an exit slit 
which is matched to that of the entrance slit to 
isolate light from a single spectral line. To obtain 
information on the intensity profile of a spectral 
line, what has been done previously is to step the 
exit slit across the spectral line in, for example, 
steps of a tenth of the width of the exit slit. By 
subsequently . analysing the results obtained at 
each step it is possible to produce a plot. of inten- 
sity against wavelength and by examining the 
shape of this plot it is possible to determine wheth- 
er the spectral line is "clean" or whether it includes 
shoulders or dips indicating the presence of light 
from an interfering species. 

When using a charge coupled device array -it 
would be desirable to have a charge coupled de-. 
vice array of sufficiently high resolution that each 
spectral line was spread over many pixels in the 
wavelength direction. In this way, the output of 
each pixel would correspond to each step of the 
conventional scan in the wavelength direction and 
would again enable an intensity profile of the spec- 
tral line to be determined; However, charge coup- 
led device arrays of sufficient size and pixel den- 



sity are not normally available and would, in any 
event, be prohibitively expensive. Charge coupled 
device arrays in which the pixel size corresponds 
to the full height half width of a spectral line and of 
5 a size so that the entire spectrum of a spectrom- 
eter can be imaged on it are much more reason- 
ably priced. Accordingly, what has been proposed 
at "present with such "devices is to scan the charge 
coupled device array with respect to the spectral 
w lines so that, for example', the spectral line is 
moved in the wavelength direction with respect to 
the charge coupled device array in steps of a tenth 
of the pixel width or spectral line full height half 
width. Thus, this is exactly analogous to the con- 
/5 ventional relative movement of the exit slit and 
spectral line to be able to get an output giving 
information on the intensity of the spectral line with 
respect to wavelength. 

This technique, however, has many of the dis- 
20 advantages of a conventional instrument using only 
a single detector. Mechanical means to provide the 
relative movement between the spectral line and 
the charge coupled device array must be provided 
and their movement controlled and monitored ac- 
25 curatejy. It is not possible to carry out the monitor- 
ing of all spectral line profiles simultaneously in a . 
single step because, inevitably, there is a time lag 
between each measurement position as the relative 
movement between the charge coupled device ar- 
30 ray and the spectral line occurs. Changes in sam- 
ple concentrations or operating parameters during 
this period naturally affect the result and lead to the 
generation of false intensity distribution profiles. 
Whilst the use of a charge coupled device array is 
35 faster than the use of a single detector because it 
is possible to monitor several different lines si- 
multaneously it is still not as fast as is potentially 
possible because it is still necessary to carry out a 
number of different reads of the; charge coupled 
40 device, array as it is scanned with respect to the 
spectral line for each sample to be analysed. , 

According to this invention, a spectrophoto- 
meter using a charge coupled device array as an 
image receiver has the image of its entrance slit 
45 . tilted with respect to the columns of pixels in the 
charge coupled device array and has the height of 
the image of the entrance slit on the charge coup- 
led device array arranged to extend over two or 
more rows of pixels so that the image of the 
so entrance slit is skewed over pixels in two adjacent 
columns, and includes means to analyse the output 
of the pixels to provide information on the intensity 
distribution of each spectral line with respect to 
wavelength having a resolution greater than that of 
56 the pitch of the pixels in each, row of the charge 
coupled device array. 

The optical system of the spectrophotometer 
may be arranged to provide the tilt between the 
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image of the entrance slit and the columns of the 
charge coupled device array. It would also be pos- 
sible to design an individual charge coupled device 
array in which the pixels' are arranged in columns 
and rows which are not perpendicular to one an- 
other and so provide the tilt between the image of 
the entrance slit and the columns of pixels by - 
tilting the columns of pixels relative to their rows. 

However, it is cheaper to use conventional 
charge coupled device arrays in which the pixels 
are arranged in perpendicular columns and rows. 
Preferably it is the entrance slit which is tilted with 
respect to the optical path of the spectro-photom^ 
eter rather than the charge coupled device array. In 
this way, the rows of pixels on the charge coupled 
device array are generally aligned with the disper- 
sion direction of the or each spectral order whilst 
the image of the entrance slit is tilted with respect 
to columns of the charge coupled device array. 

The spectrophotometer may be an absorption 
or an emission instrument and may be one which 
provides dispersion in only a single direction. An 
example of such a spectrophotometer is a UV- 
visible absorption instrument which, conventionally, 
uses a linear diode array but which in accordance 
with an example of this invention is modified to 
include a charge coupled device array and means 
to analyse the output of the pixels and so provide a 
greater resolution than is possible using a conven- 
tional linear diode array. Preferably, however, the 
spectrophotometer is one which provides disper- 
sion in two mutually perpendicular directions! In 
this case it is conventional to use a grating to 
disperse each order in a first direction which, for 
example, corresponds to the row direction of the 
charge coupled, device array and then provide dis- 
persion of the different orders in a perpendicular 
direction, corresponding to the column direction of 
the charge coupled device array. An example of 
such a spectrophotometer is one which includes an 
echelle polychromator. 

In general, the greater the number of rows over 
which the image of the entrance slit is spread, the 
greater the resolution of the information on the 
intensity distribution with respect to wavelength. 
Practically, however, sufficient resolution can be 
obtained when the image is spread over four, or five 
rows of pixels. The image of the entrance slit is 
generally matched to the width of the pixels in the 
row direction. Preferably the image of the entrance 
slit is tilted so that there is only one pixel width 
difference between the row position of the top and 
bottom. 

With a spectrophotometer in accordance with 
this invention it is possible to collect data on the 
entire spectral output of the spectrophotometer in a 
single read of the charge coupled device array. 
The data can be analysed subsequently to corm 



pare the intensity of different lines within the spec- 
tral output and, for example, to monitor the inten- 
sity distribution of each line of interest to determine 
its intensity profile. By collecting the data on the 
5 entire spectrum at the same time, the results are 
unaffected by any variations in the sample over 
time and the invention also provides a very much 
greater throughput of samples in an operating time 
period. 

70 As an illustration of how the present invention 

enhances the resolution of the intensity distribution 
with respect to wavelength consider Figures 1A, 1B 
and 1C which are diagrams illustrating the effect of 
tilting the spectral line image 1 with respect to a 

15 charge coupled device array 2. In Figure 1A the 
entrance slit image 1 is illustrated as extending in 
the column direction over four rows of pixels, and 
being tilted -so as to impinge upon pixels in two 
adjacent columns. The pixels are individually num- 

20, bered (1) to (8). For the purposes of this illustra- 
tions assume that the intensity of the. image of the 
entrance slit is constant in the column direction. 
The spectral line to be observed has a typical 
Gaussian intensity distribution in wavelength direc- 

25 tion, i.e. in the direction of the rows, as illustrated 
at the top of Figure, 1 A. 

As a result of the tilt between the image of the 
entrance siit 1 and the columns of pixels, by read- 
ing the output of the pixels in the order in which 

30 they are numbered, in effect, a scan is carried out 
in the wavelength direction which is equivalent to 
moving a single photodetector eight steps in the 
wavelength direction as illustrated diagrammatically 
in Figure 1B. The position of the image of the 

35 . entrance slit 1 with respect to the individual pixels 
is shown and numbered in Figure 1B in correspon- 
dence with the numbering of the pixels. Thus, the 
intensity information derived from pixel number (1) 
corresponds to the intensity information derived 

40 from the left hand side of the spectral line. The 
information from pixels numbered (4) and (5) cor- 
respond to the intensity information of the centre of 
the spectral line and the information from pixel 
' number (8) corresponds to the intensity information 

45 from the right hand side of the spectral line. By 
monitoring the outputs of the pixels numbered (1) 
to (8) and then plotting a graph of intensity against 
wavelength an intensity plot as shown in Figure 1C 
is produced where as shown in Figure 1C a typical 

so Gaussian profile results. 

In its most elementary form the analysis of the 
output of the pixels to obtain the intensity distribu- 
tion with respect to the wavelength of the spectral 
line may amount to reading the pixels upon which 

55 light of a particular spectral line of interest falls in a 
particular order, thereby to obtain intensity informa- 
tion equivalent to carrying out a scan across the 
spectral line of interest. 
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In reality, of course, as a result of aberrations 
in the- optical system the intensity of the image of 
the entrance slit is not uniform and may be slightly 
curved. There is also a random- registration of the 
image with the columns of pixels and, again as a 5 
result of aberrations may be some change in the 
angle of tilt over the entire spectrum. Thus-Slight 
from one spectral line may extend over more than 
two columns of adjacent pixels even if the image of 
the entrance slit is tilted to provide a mean tilt of 10 
only one pixel width along its height direction. 

It is therefore very much preferred that the 
means to analyse the output of the pixels monitors 
the output of the pixels in each row to . provide 
coarse resolution intensity distribution information is 
with respect to wavelength, interpolates this coarse 
intensity distribution information, and translates the 
information to compensate for the tilt of the image 
of the entrance slit, and then sums the translated 
interpolated information at a number of sampling 20 
points having a greater resolution than that of the 
pitch of the pixels in their rows. 

The interpolation which is carried out may be a 
zeroth order interpolation in which a constant value 
output by each pixel is used at all sampling posi- 25 
tions throughout the "width" of that pixel. Prefer- 
ably, however, a first or higher order interpolation is 
carried out on the value output from each pixel. * 
Thus, using, for example, a first order interpolation 
in which a linear interpolation is carried out be- 30 
tween the pixel values, the particular intensity value 
at each' sampling point is derived by linear inter- 
polation from the values of adjacent pixels and then 
these are summed for each row at the same sam- 
pling point to provide an output for that sampling 35 
point. With higher order interpolations instead of, 
effectively, drawing a simple straight line between 
the output values of adjacent pixels a curve such 
as a quadratic or cubic-law curve is drawn between 
these output values and the sum is taken from 40 
where the quadratic or cubic curve crosses the 
sampling point. 

Another method is to use a reconstruction al- * 
gorithm which may be applied to the detected 
intensity values to obtain intensity profile informa- 45 
tion for each individual spectral line with respect to * 
wavelength. One way in which this can be achieved 
is by storing the output intensity value of^each 
charge coupled device array pixel in each column 
of the charge coupled device array in the form of a 50 
data table; expanding the number of data points in 
the table by repeating each consecutive charge 
coupled device array output value within a column 
of the table a™ times where m is the height of the 
slit image in terms of the number of 'charge coup- 55 
led device array pixels, n is the line tilt of the slit 
image in terms of the number of charge coupled 
device array pixels, and c is the positive real num- 



ber; 

displacing each column one data point relative to - 
the adjacent column to compensate for the original 
image tilt; summing the values in each row of the 
data table; and, normalising the sum values. The 
normalised values can again be plotted to provide 
an intensity distribution profile. 

it is possible to combine the present invention 
with the prior art arrangement where the charge 
coupled device is moved relative to the images of 
the entrance slits by, forexample arranging for the 
charge coupled device to be moved relative to the 
spectral lines in the row direction. This arrange- 
ment would further enhance the resolution. In prac- 
tice it may be necessary only to move the charge 
coupled device a distance of half of the pitch of the 
pixels. In this case only a single relative movement 
step is required and only two reads of the charge 
coupled device. 

The present invention will now be further de- 
scribed with reference to the accompanying draw- 
ings in which:- 

Figures 1A, 1B and 1C are djagrams illustrating 
the effect of the present. invention; 
Figure 2 shows a conventional spectrophoto- 
meter optical arrangement for detecting spectral 
lines; 

Figure 3 shows the resolving by wavelength and 
order of emission spectra; 

Figure 4 shows the detected intensity output 
from each pixel within a charge coupled device . 
array for a spectral line having a Gaussian pro- - 
file; 

Figure 5 shows a first example of a spectral line 
reconstruction procedure; >■".."' 
Figure 6 shows the reconstructed profile of the 
spectral line of Figure 4; . - ■ 

Figure 7 shows another example of the detected 
intensity output from each pixel within a charge 
coupled device array for a spectral line having a 
Gaussian profile; 

Figure 8 shows the reconstructed profile of a 
single spectral line using a second example of a 
spectral line reconstruction procedure; and, 
Figure 9 shows the reconstructed profile of two 
spectral lines using the second example of a 
spectral line reconstruction procedure. 
Figure 2 shows an optical system of a typical 
spectrophotometer. The emission from a spectra^ 
source (not shown) is coupled to the entrance slit 4 
of an echelle polychromator forming optical system 
3 of the spectrophotometer. Typically the spectral 
sources are plasma or arc sources. 

The optical system comprises an entrance slit 
4, typically 200 urn high and 50' urn wide,, a 
collimator 5, an echelle grating 6, a . prism 7, a 
focusing ■ mirror 8 and a charge coupled device 
detector array 10. 
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The echelle grating 6 resolves emission spec- 
tra by spreading the spectra according to 
wavelength in one direction whilst the prism 7 
resolves the orders of the spectra by spreading the 
orders in an orthogonal direction to produce sev- 
eral rows of spectral lines. This is illustrated in 
Figure 3. 

Figure 1 illustrates how, in the present inven- 
tion, the slit image 1 is tilted relative to the charge 
coupled device array 2 by , one pixel 11. The slit 
image 1 falls across two columns of pixels of the 
charge coupled device array 2, each pixel detect- 
ing a different intensity value. In practice, the slit 
image 1 is not the regular shape depicted in Figure 
1 due to aberrations caused by the optical system. 

Figure 4 shows the detected intensity output 
values in bar graph form of a 6 x 4 pixel charged 
coupled array for a spectral line having a Gaussian 
profile, in which the top of the exit slit is tilted by 
the width of one pixel with respect to the base of 
the exit slit. 

The line profile reconstruction procedure in- 
volves two separate processes : 

(i) a co-ordinate transformation to account for 
the original exit slit tilt, and, 

(ii) profile reconstruction to account for non- 
uniformity in the illumination of the slit image. 

Each row of the array, contains a coarse line 
profile which is different from that of the adjacent 
rows due to the tilt of the slit image across the 
columns and non-uniformity of the image illumina- 
tion. 

Figure 5 illustrates one example of a spectral 
line reconstruction procedure. Intensity values in 
Row 1 of the array are fixed relative to a calibrated 
wavelength scale 1 2 and the detected intensity 
values in each subsequent row is translated to. the 
right to reverse the effect of the original image tilt 
and so straighten the image. 

Given that the overall tilt in this example is one 
pixel in four i.e. 14°, Row 2 is translated a distance 
equal to one third of a pixel width to the right, Row 

3 is translated two thirds of a pixel width and Row 

4 is translated by a complete pixel. The translation 
for each row can be calculated automatically for 
any number of rows given that the original tilt angle 
is known. Experimental results suggest a tilt of one 
pixel is ideal. ■ ■ • ■ . 

Next, to compensate for non-uniform illumina- 
tion it is necessary to calculate for each row, the 
contribution to the final line profile. This is achieved 
by interpolating between adjacent measured data 
points along each row using a suitable interpolation 
function and summing together the contribution 
from each row. Essentially, an intensity contribution 
at a sampling point x is calculated for each row by 
polynomial interpolation and the contributions at 
point x for all the rows are summed together. Then, 



the point x is incremented by some interval Ax and 
the interpolation and summing procedure is re- 
peated until the end of the data is reached. This 
provides information on intensity distribution for 
5 each spectral line with respect to wavelength, hav- 
ing a resolution greater than that of the. pitch of the 
pixels in each row of the charge coupled device 
array. 

In the example shown in Figure 5, a linear, or 
w piece-wise interpolation is used in which effectively 
a straight line is drawn between adjacent intensity 
V values in each row. Commencing at sample point 
xi , the intensity contribution for each row is cal- 
culated, summed and subsequently stored. The 
75 sampling interval in this case is set at one quarter 
of a pixel and subsequent data is calculated for 
sample points X2 to x^7 across the spectral line 
with respect to wavelength. The interpolated and 
summed results are shown in Table 1. The inten- 
20 sity profile may then be plotted. .This is shown in 
Figure 6. This Gaussian profile corresponds to that 
of the original spectral line of interest shown in 
Figure 5. 

Any polynomial interpolation function is suit- 

25 able for the reconstruction procedure but clearly a 
higher order polynomial will require greater com- 
putational power and data handling facilities. 

The following example illustrates a reconstruc- 
tion algorithm which equates to a zero order inter- 

30 polation procedure. 

Table 2 shows the detected output from a 
charge coupled device array in which the geomet- 
ric image of the entrance slit is 1.3 pixels wide and 
the line tilt is one pixel. The output from each, pixel 

35 is illustrated, graphically in Figure 7/ 

At this stage, the raw data is then subjected to 
numerical analysis in the form of a reconstruction 
algorithm as follows. 

Let the line tilt from top to bottom of the' 

40 geometric slit image be n pixels and the height be 
m pixels. The array of data in Table 2 which 
represents a column of pixels is expanded to have 
each pixel value repeated ™ times. In this case m 
= 4 and n = 1 and- therefore "each pixel value is 

45 repeated four times. For non-integer values of m 
the values have to be repeated 1 ?; * C' times where 
C is chosen to make the results an integer. Each 
adjacent column is treated similarly. The columns 
are then shifted so that the data corresponding to 

so the charge coupled device array rows are re- 
aligned as if the slit image were upright relative to 
the charge coupled device array. The top column 
is shifted by m data points, the next pixel down by 
m - 1 points, and so on. 

55 This results in an enlarged table of results 

shown in Table 3. Each row of pixel values is then 
summed and the result normalised. The results ate 
then plotted to obtain intensity profile information in 
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the form of the graph shown in Figure 8. 

Another reconstructed intensity profile for two 
interfering spectral lines is shown in Figure 9. This 
demonstrates the resolution of the reconstruction 
algorithm. The user can instantly recognise the 
over-lapping spectral lines and take account of this 
in the subsequent analysis of the sample. 

Using the tilted slit image and subsequent re- 
construction procedure of the present invention it 
has been demonstrated that: 

T. Non-uniformity of slit image illumination can 
be accounted for by simple polynomial inter- 
polation and summation suggests that linear in- 
terpolation will be sufficient; 

2. The reconstructed peak shapes are of suffi- 
cient quality for output to a user; 

3. The measured anaiyte signal is independent 
of wavelength calibration provided that summa- 
tion of the line line-profile over the equivalent of 

"a pixel is performed; and, ; 

4. The position of the peak centre is accurate to 
within ± 0.1 pixels with linear interpolation. 

Claims 

1. A spectrophotometer using a charge coupled 
device array (2) as an image receiver charac- 
terised in that an image of its entrance slit (1) 
is tilted with respect to columns of pixels in the 
charge coupled device array (2) and in which 
the height of the image of the entrance slit (i) 
on the charge coupled device array (2) is ar- 
ranged to extend over two or more rows of 
pixels so that the image of the entrance slit (1) 
is skewed over pixels in two adjacent columns, 

- and includes means to analyse the output of 
the pixels to provide information on the inten- 
sity distribution of each spectral line with re- ' 
spect to wavelength having a resolution greater 
than that of the pitch of the pixels in each row 
of the charge coupled device array (2), 

2. A spectrophotometer according to claim 1 , in 
which the pixels of the charge coupled device 
array (2) are arranged in perpendicular col- 
umns and rows and the image of the entrance 
slit (1) is tilted with respect to columns of the 
charge ' coupled device array (2) so that the 
rows of pixels on the charge coupled device 
array (2) are generally aligned with- the disper- 
sion direction of the or each spectral order. 

3. A spectrophotometer according to claim 2, in 
which the spectrophotometer includes means 
(6, 7) which provide spectral dispersion in two 
mutually perpendicular directions. 



25 



4. A spectrophotometer according to claim 3, 
which comprises a grating (6) to disperse each 
order in a first direction corresponding to the 
row direction of the charge coupled device 
array (2) and an echelle polychromator to pro- 
vide dispersion • of the different orders in a 
perpendicular direction corresponding to^ the 
column direction of the charge coupled device 
array. 

5. A spectrophotometer according to any preced- 
ing claim, in which the image is spread over 
four or five rows of pixels. 

6. A spectrophotometer according to any preced- 
ing claim, in which the image of the entrance 
slit (1) is matched substantially to the pitch of 
the pixels in the row direction. 

7. A spectrophotometer according to any preced- 
ing claim, in which the image of the entrance 
slit (1) is tilted so that there is substantially 
only one pixel width . difference between the 
row position of the top and bottom of the 
image. 



8. A spectrophotometer according to any preced- 
ing claim, in which the means to analyse the 
output comprises processing means pro- 

30 grammed with a reconstruction algorithm which 

may be applied to the detected intensity val- 
ues to obtain intensity profile information for 
each individual spectral line with respect, to 
wavelength. 

35 

9. A spectrophotometer according to claim 8, in 
which the processing means monitors the out- 
put of the pixels in each row to obtain coarse 
resolution intensity distribution information with 

40 respect to wavelength, interpolates this coarse 

intensity distribution information, translates the 
information to compensate for the tilt of the 
image of the entrance slit, and then sums the 
translated interpolated information at a number 

45 of sampling points having a greater resolution 

than that of the pitch of the pixels in their rows. 

10. A spectrophotometer according to claim 9, in 
which the interpolation is a zeroth order inter- 
so polation and a constant value output by each 

pixel is used at all sampling positions through- 
out the width of that pixel. 

11. A spectrophotometer according to claim 9, in 
55 which a first or higher order interpolation is ' 

carried out on the value output from each 
pixel. . 
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12: A spectrophotometer according to claim 8, in 
which the processing means: 

stores the output intensity value of each 
charge coupled device array pixel in each col- 
umn of the charge coupled device array in the 5 
form of a data table; • 

expands the number of data points in the 
table by repeating each consecutive charge 
coupled device array output value within a 
column of the table c™ times where m is the w 
height of the slit image in terms of the number 
of charge coupled device array pixels, n is the 
line tilt of the slit image in terms of the number 
of charge coupled device array pixels, and c is 
the positive real number; 75 

displaces each column one data point rela- 
tive to the adjacent column to compensate for 
the original image tilt; 

sums the values in each row of the data 
table; 20 

and, normalises the sum values to provide 
an output 
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